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An epichromatin epitope

Persistence in the cell cycle and conservation in evolution
Ada L. Olins,1 Markus Langhans,2 Marc Monestier,3 Andreas Schlotterer,4 David G. Robinson,2 Corrado Viotti,2
Hanswalter Zentgraf,5 Monika Zwerger6,† and Donald E. Olins1,*
1
Department of Pharmaceutical Sciences; College of Pharmacy; University of New England; Portland, ME USA; 2Department of Cell Biology; Heidelberg Institute for Plant
Sciences; 4Department of Medicine I and Clinical Chemistry; University of Heidelberg; 5Applied Tumor Virology, Electronmicroscopy; 6“Functional Architecture of the Cell”;
Department of Molecular Genetics; German Cancer Research Center; Heidelberg, Germany; 3Temple Autoimmunity Center; Department of Microbiology and Immunology;
Temple University School of Medicine; Philadelphia, PA USA

†

Current address: Brigham and Women’s Hospital/Harvard Medical School; Partners Research Facility; Cambridge, MA USA

Key words: interphase nuclear architecture, mitotic chromosomes, chromatin, epichromatin, evolution
Abbreviations: H2A, H2B, H3, H4, nucleosome inner histones; CREST, auto immune antibody against centromere proteins;
CENH3, centromere H3 variant; H3(S10)p, anti-phosphorylated serine 10 in H3; mAb, monoclonal antibody; SLE, systemic
lupus erythematosus; ELISA, enzyme-linked immunosorbent assay; CT, chromosome territory; LBR, lamin B receptor; ELCS,
nuclear envelope-limited chromatin sheets; DIC, differential interference contrast; NE, nuclear envelope; CB, Coomassie blue;
PAGE, polyacrylamide gel electrophoresis; ECL, enhanced chemiluminescence; LADs, lamina-associated domains;
TM, transmembrane domain; ER, endoplasmic reticulum; PFA, paraformaldehyde; DTT, dithiothreitol

Interphase nuclear architecture is disrupted and rapidly reformed with each cell division cycle. Successive cell generations
exhibit a “memory” of this nuclear architecture, as well as for gene expression. Furthermore, many features of nuclear
and mitotic chromosome structure are recognizably species and tissue specific. We wish to know what properties of the
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underlying chromatin structure may determine
these
conserved
features
of
nuclear architecture. Employing a particular
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mouse autoimmune anti-nucleosome monoclonalD
antibody
(PL2-6),
combined
with deconvolution immunofluorescence
microscopy, we present evidence for a unique epitope (involving a ternary complex of histones H2A and H2B and DNA)
which is localized only at the exterior chromatin surface of interphase nuclei and mitotic chromosomes in mammalian,
invertebrate and plant systems. As only the surface chromatin region is identified with antibody PL2-6, we have assigned
it the name “epichromatin”. We describe an “epichromatin hypothesis”, suggesting that epichromatin may have a unique
evolutionary conserved conformation which facilitates interaction with the reforming post-mitotic nuclear envelope and
a rapid return of interphase nuclear architecture.

Introduction
The appearance of histones and nucleosomes in the earliest
eukaryotes laid the groundwork for an entirely new set of architectural principles for packaging of the DNA, not previously seen
in the evolution of life. Describing these principles is a major goal
of cell biology and encompasses understanding the interphase
nucleus, the mitotic chromosome and other chromatin structural
states.1-5 A major advance in our understanding of the organization of chromatin came with the description of chromosome
territories (CTs),6,7 which demonstrated that the individuality
of mitotic chromosomes is preserved, albeit in a swollen form,
within the interphase nucleus. Evidence has also been presented
that within these territories chromatin exists in “knot-free” globules, analogous to the nucleosomal “beads-on-a-string”; but at

a larger scale, encompassing megabase lengths of chromosomal
DNA.8 Compartmentalization of silenced heterochromatin to
the periphery of the interphase nucleus is a common architectural theme. Current evidence supports that there are numerous
lamina-associated peripheral chromatin domains, characterized
by low gene-expression, which may facilitate global nuclear organization.9,10 To the extent that these architectural principles may
be universal among the eukaryotes, one must ask how they are
maintained through successive cell generations and during the
extensive evolution of new species.
Anti-nuclear antibodies are a frequent occurrence in the sera
of autoimmune humans and animals, being especially prevalent
in systemic lupus erythematosus (SLE).11,12 These autoantibodies
can be directed against a variety of nuclear antigens, including
DNA, histones, nucleosomes and subnucleosomal particles. As
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U2OS and HL-60/S4 cells by deconvolution immunofluorescence microscopy with the aim of searching for chromatin substructures. One anti-nucleosome antibody (PL2-6) specifically
stained a chromatin compartment at the periphery of interphase
nuclei, as well as staining the surface of mitotic chromosomes.
We suggest that this compartment represents a unique surface
chromatin conformation, to which we assign the name “epichromatin”. Furthermore, we formulate an “epichromatin hypothesis”, suggesting that this chromatin may play a crucial role in
organizing interphase nuclear architecture, justifying its conservation in the evolution of cell structure.
Results
Immunofluorescent analysis of a set of mouse anti-nucleosome
autoantibodies. A number of mAbs derived from autoimmune
mice were tested by immunostaining against rapidly growing
HL-60/S4 (suspension cells) and U2OS (attached cells). The
binding specificities of the mAbs (all IgGs) and verification that
they are all anti-nucleosome antibodies have previously been
determined by ELISA.11,13,14,17,18 Examples of the deconvolved
slices from selected antibodies are shown in Figure 1: HL-60/
S4 cells are displayed in A; U2OS cells in B. Monoclonal PL2-6
and PL2-7 were derived from the same mouse and are both antiH2A-H2B-DNA;14,17 LG10-1 is from a different animal and has
anti-H3-H4-DNA specificity.14,18 For the set of ten mAbs tested,
most
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nuclei (except nucleoli) and throughout mitotic chromosomes,
paralleling the DAPI staining of DNA. With one mAb, PL2-6,
the images were quite different; i.e., staining was confined to
the periphery of interphase nuclei and metaphase chromosomes,
which we name “epichromatin”. By ELISA, PL2-6 resembled six
other anti-H2A-H2B-DNA autoantibodies (including PL2-7)
derived from the same animal.17 All displayed strong ELISA
reactivity with the adsorbed complex of H2A-H2B-DNA, less
reaction with H2A-H2B, and weak-to-negligible reactions with
adsorbed separate histones or with an adsorbed H3-H4-DNA
complex.17 One difference, observed by ELISA, is that the reactivity of PL2-6 to adsorbed H2A-H2B-DNA could be inhibited
by preincubation with the H2A-H2B-DNA complex in buffer;
Figure 1. Immunostaining of mammalian tissue culture cells with sewhich was not the case with the other tested mAbs.14 The unique
lected mouse monoclonal anti-nucleosome antibodies. Cell types:
staining pattern of PL2-6 (especially, the immunolocalization at
(A) HL-60/S4; (B) U2OS. Mouse mAbs (PL2-6, PL2-7 and LG10-1) staining
the periphery of mitotic chromosomes) provoked us to examine
are shown in red: DAPI staining in blue. The arrows denote mitotic cells.
accessibility of this epichromatin epitope throughout the cell
The arrowheads point to prophase nuclei. Each image is a single deconvolved optical slice. Bar equals 10 μm for both (A and B).
cycle.
The epichromatin epitope is present throughout the cell
part of a program to analyze the mechanisms underlying autoim- cycle. Immunostaining experiments clearly demonstrated that the
mune disorders, several mouse strains have been identified that epichromatin epitope recognized by PL2-6 is present throughout
spontaneously develop SLE and are the source of a number of the cell cycle, even after nuclear envelope (NE) breakdown and
monoclonal anti-nucleosomal antibodies.13,14 We have employed before post-mitotic NE reformation. Immunostaining images
some of these mouse monoclonal antibodies (mAbs) to probe throughout mitosis, plus interphase, are presented for U2OS
nuclear structural domains. Historically, this approach was use- (Fig. 2A and Sup. Vid. 1–5) and for HL-60/S4 cells (Fig. 2B).
ful in identifying the histone H3 variants of centromeric regions Identical results were obtained with formaldehyde (PFA) or with
employing CREST autoantibodies from scleroderma patients.15,16 methanol/acetone fixation; only the PFA results are presented in
We tested a panel of these mouse mAbs on rapidly growing Figure 2. During prophase the epichromatin epitope is accessible
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to antibody at peripheral regions of the condensing chromosomes adjacent to the dissociating nuclear envelope.
During metaphase and early anaphase, the epitope outlines the exterior surface of the congressed chromosomes;
more internal chromosome arms and ends do not exhibit
the epitope. By late anaphase the epichromatin epitope
becomes visible on the internal trailing arms and ends of
some mitotic chromosomes. Finally, during telophase the
epichromatin epitope “spreads” around the nuclear periphery, as the clustered mitotic chromosomes fuse and the NE
reforms. By contrast, co-immunostaining with the “mitotic
marker”, rabbit anti-H3(S10)p,19,20 clearly revealed the
presence of this antigenic determinant during mitosis and
its disappearance during interphase (Fig. 3B); whereas
the epichromatin epitope persisted at every phase of the
cell cycle (Fig. 3A). Examination of serial slices of mitotic
figures (data not shown) demonstrated that the H3(S10)
p antigenic determinant is present throughout the chromosome set, although staining is stronger near the periphery.
This observation (i.e., stronger peripheral staining) is in
agreement with previously published images (see figure 3
in ref. 19 and figure 1 in ref. 20). When the “merge” image
is examined closely (insert, Fig. 3D), the epichromatin epitope appears to be slightly exterior to, and overlapping with
H3(S10)p. An additional co-immunostaining experiment
attempted to determine whether centromeric regions, as
detected with autoimmune CREST antisera, revealed
any
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special relationship to the epichromatin epitope. Figure
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3E presents single optical slices of a metaphase plate and
an interphase nucleus. All of the deconvolved slices were
examined in this experiment (data not shown). Careful
examination revealed that a few centromeres were close
to the region of the epichromatin epitope, but the majority revealed no obvious proximity. The absence of PL2-6
staining in telophase chromosome “cores” is discussed in
a later section.
The epichromatin epitope persists in metaphase chromosomes even with nuclear envelope components dispersed into the cytoplasm. During the dissolution of the
NE at mitosis, all of its components move into the cytoplasm.21 Integral membrane proteins are retained in the
endoplasmic reticulum (ER) by virtue of their transmemFigure 2. Immunostaining of the epichromatin epitope through mitosis in
brane domains (TM). Lamin B receptor (LBR) is an excelU2OS (A) and HL-60/S4 (B) cells. Mouse mAb PL2-6 staining is shown in red;
DAPI staining in blue. Each image is a single deconvolved optical slice. Bar
lent example of an inner membrane protein that persists in
equals 10 μm for both (A and B). Projection videos for some of these images
the ER during mitosis, returning early to the post-mitotic
of U2OS can be found in the Supplementary Video Files, specifically: late
22
reforming NE. Figure 4A demonstrates in U2OS cells
prophase (Video 1); early anaphase (Video 2); late anaphase (Video 3); early
that LBR is present in the interphase NE, but withdraws
telophase (Video 4); late telophase (Video 5).
into the ER during mitosis; whereas PL2-6 stains both the
interphase epichromatin and the exterior of the mitotic
chromosome cluster. Similar sets of images were obtained for epichromatin epitope in mitotic chromosomes does not depend
emerin (Fig. 4B) and SUN2 (Fig. 4C), both proteins possess- upon close proximity of the chromatin to an intact NE or to
ing TM domains. Lamin A, which lacks direct attachment to components of the NE. The epichromatin epitope appears to be
the NE, is also dispersed into the mitotic cell cytoplasm (Fig. an inherent property of chromatin throughout the cell cycle.
4D). Similar image data for LBR and SUN2 have been obtained
The epichromatin epitope appears to be absent from sevcomparing interphase HL-60/S4 with metaphase cells (data not eral nuclear and chromosomal sites during the cell cycle. As
shown). It is clear from these experiments that “exposure” of the described earlier, PL2-6 does not stain the internal chromatin

www.landesbioscience.com

Nucleus

49

Figure 3. Co-immunostaining of U2OS interphase and metaphase cells with the epichromatin, mitotic marker and centromere (CREST) antibodies. The
mitotic cell is on top of each part; the interphase cell is at the bottom. (A) mouse mAb PL2-6; (B) rabbit anti-H3 phosphorylated at serine 10, the mitotic
marker H3(S10)p; (C) DAPI; (D) merge with an insert showing a 3-fold enlargement of the region denoted by an asterisk; (E) merged image of PL2-6,
CREST and DAPI. Mouse mAb PL2-6 staining is shown in red, H3(S10)p and CREST in green, DAPI in blue. Each part is a single deconvolved optical slice
of the same field. Bar equals 10 μm.

of interphase nuclei or the “internal” chromosome arms and in previous figures, mid-section optical slices of interphase nuclei
ends of prophase, metaphase and early anaphase mitotic chro- suggest that the epichromatin epitope is continuous at the NE.
mosomes. Another location that appears unreactive to the anti- However, Figure 6A presents evidence that is not an accurate
epichromatin antibody is the mitotic chromosome “core”, a impression. This Figure presents a gallery of tangential slices (i.e.,
region facing the spindle pole, possessing centromeres, binding just under the NE) stained with PL2-6, within interphase nuclei
to the spindle microtubules, exhibiting proteins such as LAP2α of U2OS and HL-60/S4 cells. It is evident that the epichromaand BAF and excluding LBR, LAP2β and lamin B.23,24 Examples tin epitope exhibits a punctate/granular pattern at the NE. This
of mitotic chromosome cores are presented in Figure 5A and granular substructure at the NE is preserved in detergent-buffer
Supplementary Figure 1. Note especially that CREST antibody isolated nuclei from HL-60/S4 (Fig. 6B), washed with buffers
stains centromere regions of the cores, while anti-LBR
and
PL2-6
divalent
cations (1.5 mM MgCl2) or treated with
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primarily react with the telophase chromosome “periphery”. In combined chelators (EDTA and EGTA), prior to fixation and
Donotdi
s
t
r
i
but
e.
contrast, SUN2 appears to stain the core and periphery of telo- immunostaining. Because this granular substructure is seen at
phase chromosomes (Sup. Fig. 1). Eventually the daughter inter- the NE of intact cells, it is unlikely to be an artifact of nuclear isophase nuclei do show LBR and epichromatin staining around the lation. As with the regions of interphase chromatin and mitotic
entire nuclear surface.
chromosomes that do not exhibit the epichromatin epitope,
Within interphase nuclei of various types of attached cells described earlier, the staining substructure at the NE might arise
(e.g., HeLa, NRK, 3T3 and CHO), intranuclear channels or from a variety of possible causes which remain to be completely
tubules can be readily observed.25,26 These intranuclear tubules elucidated. But it is clear that since central optical sections in isoare generally oriented perpendicular to the cell attachment sur- lated and permeabilized nuclei show epichromatin staining only
face. Figure 5B and Supplementary Figure 2 present several at the nuclear periphery, this characteristic staining pattern is not
examples of U2OS cells with intranuclear tubules. Since the a consequence of inadequate antibody penetration.
Immunoelectron microscopy documents epichromatin epitubules are primarily vertical in orientation, they usually present
circular cross-sections. Figure 5B demonstrates that these tubules tope localization at the nuclear envelope and in envelope-limcan be visualized by immunostaining with anti-LBR, but not ited chromatin sheets (ELCS) of granulocytic HL-60/S4 cells.
with anti-epichromatin. Supplementary Figure 2 demonstrates When human leukemic HL-60 cells are treated with all-trans
that lamin A, emerin and SUN2 yield staining of the tubules, but retinoic acid (RA), they cease dividing and terminally differenPL2-6 does not. Current evidence supports that these tubules are tiate into granulocytic forms. This differentiation process takes
extensions of the nuclear envelope, frequently adjacent to nucleoli 3–4 days in the subline HL-60/S4, leading to nuclear lobulaand involved in Calcium release.27-29
tion and formation of extensive sheets containing a single layer of
There are numerous reasons why selected regions of inter- ~30 nm chromatin fibers sandwiched between apposed nuclear
phase nuclei and mitotic chromosomes may not exhibit reactiv- envelopes.5,30 These envelope-limited chromatin sheets (ELCS)
ity with the anti-epichromatin antibody. It may be that the local are an extension of the adjacent NE membranes, with the ~30
chromatin regions do not have the epitope or that it is blocked by nm chromatin layer in ELCS continuous to the most periphbound molecules. Given that these regions can all be visualized eral chromatin layer in the adjacent nuclear lobule. Employing
by other IgG antibodies of the same molecular size, but different pre-embedded thin section immunoelectron microscopy with a
specificity, it is considered unlikely that there is a general penetra- gold-labeled secondary antibody, the presence of the epichromation problem.
tin epitope can be clearly visualized (Fig. 7). Two examples of
The epichromatin epitope exhibits a granular substructure HL-60/S4 granulocytic cells exhibiting nuclear irregularity and
at the nuclear envelope in cells and in isolated nuclei. As shown extensive ELCS formation are presented in Figure 7A and B. C
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shows an enlargement of region “c” in A, with two ELCS lying
side-by-side; each is studded with gold grains. D presents an
enlargement (region “d“ of A) at the interphase NE, again
revealing gold-labeled antibody at the periphery. E shows a
single chromatin layer sandwiched in between the nucleolus
and the NE (region “e” of B) with clear labeling of the epichromatin epitope. These images demonstrate that the epichromatin epitope is present at the most peripheral single layer
of ~30 nm chromatin fibers and not detected within more
interior chromatin.
The NE and ELCS membranes can not be visualized in
Figure 7 for several reasons: (1) the post-fixation extraction
with 0.1% Triton X-100 removes most of the lipids; (2) the
samples were not fixed with OsO4, (which enhances lipid
contrast in the electron microscope). Evidence is presented
in Supplementary Figure 3 to show that an integral membrane protein component of the NE (LBR) does remain in
place, even though the membrane lipids can not be visualized. Immunoelectron microscopic staining of granulocytic
HL-60/S4 cells for LBR clearly demonstrates the presence of
gold particles along the ELCS and at the NE.
The epichromatin epitope is conserved among animals
and plants. In order to explore the evolutionary conservation
of the epichromatin epitope, studies were performed on a variety of eukaryotic organisms with well studied genetic systems.
The invertebrates, Drosophila melanogaster and Caenorhabditis
elegans, both have highly diverged homologs of vertebrate
lam©201
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ins in their NE.31 Figure 8 presents image data to demonstrate
Donotdi
s
t
r
i
but
e.
that the epichromatin epitope can be found at the periphery
of interphase nuclei in both species, as well as at the surface
of mitotic chromosomes in Drosophila Kc cells. This conclusion is clearly shown in Figure 8A, which presents a merged
image of staining by mAb PL2-6 (red), rabbit anti-H3(S10)
p (green) and DAPI (blue). The 3x enlarged cluster of mitotic
chromosomes closely resembles a similar mitotic cluster shown
previously (Fig. 3) for U2OS cells; the epichromatin epitope
appears to be more exterior than the H3(S10)p determinant.
Figure 8B shows a portion of a Drosophila larval ovary. The
characteristic nuclear peripheral staining by PL2-6 can be
readily observed in the surface cells of the ovary, demonstrating the expected location of this epitope. However, deeper cells
within the ovary did not stain. We suspect that this is an antibody “penetration” problem due to the thickness of the whole
ovary. Figure 8C presents a PL2-6 immunostained image and
a DIC image of a C. elegans worm. The epichromatin epitope
can be detected at the periphery of the interphase nuclei. As
with the Drosophila larval ovary, antibody “penetration” into
Figure 4. Dispersion of LBR, emerin and SUN2 into the mitotic ER and of
the whole organism may have prevented the staining of more
lamin A (LMNA) into the cytoplasm of U2OS cells, concurrent with persisinternal cells. None-the-less, it is clear that the epichromatin
tence of the epichromatin epitope at the periphery of mitotic chromoepitope staining of peripheral chromatin within interphase
somes. Mouse mAb PL2-6 staining is shown in red. Anti-LBR (A), anti-emernuclei exists in multicellular invertebrates, despite their highly
in (B), anti-SUN2 (C) and anti-LMNA (D) staining are indicated in green; DAPI
divergent NE composition.31
in blue. In each part, the upper row of images is from the same mitotic cell;
the bottom row is from the same interphase cell. Bar equals 10 μm.
Plant cell NEs are even more divergent from higher metazoans than observed with the invertebrates cited above, exhibiting an absence of homologs to lamins, LBR and most other
NE-associated proteins.32-34 None-the-less, Figure 9A–D
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study, we attempted to see whether PL2-6, PL2-7
and LG10-1 were capable of providing information
by immunoblotting procedures. Figure 10A presents an immunoblot analysis of PL2-6 reacted with
a total cell extract of U2OS cells (a similar experiment with PL2-7 and LG10-1 did not provide any
ECL signals using the same extract of U2OS cells).
Figure 10A reveals that most of the extracted proteins, when stained with Coomassie Blue (lane 2),
migrated between ~36 to ~100 kDa. However, the
major anti-epichromatin reactive band migrated at
~18 kDa (lane 3), a region which includes the inner
histones. A few very faint higher molecular weight
bands were also detected with PL2-6. Figure 10B
presents immunoblots of PL2-6 against several types
of samples, including core mononucleosomes from
HeLa cells and purified Xenopus recombinant core
histones, individually or in various equimolar combinations. The image of the immunoblot shown
in Figure 10B presents alternating lanes of the
Coomassie Blue (CB) stained membrane (lanes 1,
2, 4 and 6) interspersed with carefully aligned ECL
images from the same membrane, revealing PL2-6
reactivity (lanes 3, 5 and 7). Figure 10B lanes are as
follows: lane 1, CB stained protein molecular weight
markers; the region between lanes 1 and 2, representation
of the positions of the core histones (from
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top to bottom, H3, H2B, H2A, and H4); lanes 2
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Figure 5. Nuclear and chromosomal regions that demonstrate an absence of epichroand 3, HeLa mononucleosomes; lanes 4 and 5, equimatin staining. (A) presents telophase U2OS cells with discernable chromosome “core”
molar mixture of recombinant Xenopus histones
regions. The left column of images pairs anti-centrosome CREST (top row) or anti-LBR
H4, H2A, H2B and H3; lanes 6 and 7, equimolar
(second row) with DAPI. The middle column of images pairs PL2-6 with DAPI. The right
mixture of recombinant Xenopus histones H2A
column presents a differential interference contrast (DIC) image of the separating
and H2B. Even with the limited resolution of this
daughter cells in the same field. Arrows point to mitotic chromosome “cores”.
(B) displays interphase U2OS nuclei with intranuclear tubules. The left image pairs
17.5% polyacrylamide gel, the data clearly indicate
anti-LBR with DAPI. The right image pairs PL2-6 with DAPI. Intranuclear tubules are
that H4 and H3 show little reactivity with PL2clearly stained by anti-LBR, but not by PL2-6. Bar equals 10 μm.
6; but H2A and H2B appear to exhibit significant
reactivity. These results provoked us to perform dot
convincingly demonstrates that the epichromatin epitope is blots with the purified individual recombinant Xenopus inner
present at the periphery of interphase nuclei and mitotic chro- histones (Fig. 10C). Equimolar aliquots, based upon measuremosomes in tobacco BY-2 tissue culture cells and in interphase ments of the histone concentrations using the molar extinction
nuclei of Arabidopsis thaliana root tips (Fig. 9E). Figure 9F dis- coefficients at 276 nm, were spotted onto Immobilon-P memplays an immunoelectron micrograph with gold-labeled anti- branes, reacted with PL2-6, analyzed by ECL (Fig. 10C, strip 1)
body specifically localizing PL2-6 proximal to the NE in high and CB stained (strip 2). The ECL results clearly show that,
pressure freezing/freeze substitution post-embedded samples of on a molar basis, PL2-6 reacts most strongly with recombinant
Arabidopsis thaliana root tips. Collectively, the immunostaining Xenopus H2B and H2A and much more weakly with H4 and
of invertebrate animal and plant cells strongly argues that the epi- H3. Semi-quantitative estimates of reaction intensities were
chromatin epitope is highly conserved among very diverse species obtained from replicate dot arrays and different ECL exposure
with vastly different NE composition and, likely, very different times, employing ImageJ for measurement of film densities (see
Materials and Methods). The averaged results indicated that (setDNA sequences proximal to the NE.
Immunoblotting with PL2-6. Most of our current knowl- ting the H2B reaction intensity at 100%) H2A exhibited ~85%
edge about the binding specificity of the epichromatin anti- reaction intensity, H4 ~22% and H3 ~9%. In summary, these
body (PL2-6) is derived from ELISA studies.11,13,14,17,18 We know, immunoblot results indicate that PL2-6 can recognize a homolbased upon ELISA quantitation, that PL2-6 binds strongly to ogous epitope within both histones H2A and H2B. Thus, the
mononucleosomes and to a ternary complex of histones H2A + anti-epichromatin antibody (PL2-6), which has been extensively
H2B + DNA, weakly to H2A + H2B and very weakly to H3 + characterized by ELISA analyses, is capable of reacting by immuH4 + DNA, individual histones or DNA alone. In the present noblotting with the separate histones H2A and H2B, despite the
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fact that these separate histones give very weak
reactions with PL2-6 by ELISA.
Discussion
A chromatin epitope involving histones H2A
and H2B and DNA, recognized by a mouse
monoclonal autoimmune anti-nucleosome
antibody (PL2-6), specifically localizes at the
peripheral surface of interphase chromatin and
mitotic chromosomes and is conserved by evolution in its location among various plant and
animal cells. We suggest the name “epichromatin” to denote this unique chromatin surface
conformation. To the best of our knowledge, no
such epitope has been reported before in either
interphase or mitotic cells, nor has there been
a suggestion that surface chromatin conformation throughout the cell cycle differs from
bulk chromatin conformation. The staining of
interphase nuclei is reminiscent of the classical
“rim” pattern, commonly seen with antibodies against lamins or nuclear envelope integral
membrane proteins (see for example, ref. 35 and
36). During mitosis the lamina/nuclear envelope “rim” staining pattern disappears, being
last observed in early prophase and again vis- ©201
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ible at telophase, the periods when the nuclear
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envelope is breaking down or reforming.21,37
By contrast, the epichromatin epitope persists
throughout mitosis, including metaphase, being
independent of the presence of a NE. In addition, we have shown that two closely related
mouse monoclonal autoimmune anti-nucleosome antibodies, PL2-7 and LG10-1 stain
throughout the entire interphase nuclei and
Figure 6. Immunostaining of the epichromatin epitope in tangential optical sections of nuthe entire set of mitotic chromosomes (generclei from U2OS and HL-60/S4 cells. Mouse mAb PL2-6 staining is shown in red; DAPI in blue.
(A) presents tangential sections of nuclei within intact cells. The top row of three images
ally resembling DAPI staining), minimizing the
displays sections of U2OS cells; the second row is from HL-60/S4 cells. (B) shows central and
possibility that the surface staining of PL2-6 is
tangential sections of isolated HL-60/S4 cell nuclei, washed in different buffers prior to fixadue to a penetration problem.
tion and immunostaining. In the top row, the isolated nucleus was washed in 1.5 mM MgCl2,
Published and present data imply some
0.2 mM EGTA, 50 mM HEPES (pH 7.0); bottom row, washed in 0.2 mM EDTA, 0.2 mM EGTA,
molecular characteristics about PL2-6 . ELISA
50 mM HEPES (pH 7.0). Each image is a single deconvolved optical slice. In order to visualize
the low amount of epichromatin immunofluorescence at the tangent of the NE, the brightdata11,13,14,17,18 demonstrate that the chromatin
ness of the PL2-6 red signal was greatly increased. Bar equals 10 μm.
epitope recognized by PL2-6 is a conformational one, involving a ternary complex of H2A,
H2B and DNA. Even though the epitope is present in the binary immunoblotting results with both native Hela and recombicomplex of H2A and H2B, reactivity is augmented by complex- nant H2A and H2B. The fact that PL2-6 reacts with individual
ing with (mixed sequence) DNA on a surface, as in ELISA plates, recombinant H2A and H2B argues that histone post-translaor in solution. Another observation (MM unpublished), using tional modifications are not a part of the epichromatin epitope.39
a protocol employed with a different antibody,38 is that trypsin Furthermore, the data imply either that there are homologous
removal of the histone basic tails in nucleosomes does not elimi- sites in the histone globular domains for Xenopus H2A and
nate the ELISA reactivity of the epitope. This implies that the H2B, similar enough to react with PL2-6 and/or sequences
epichromatin epitope is present in the conserved globular regions within H2A and H2B that are each part of the conformational
of histones H2A and H2B, which primarily reside within the epitope. Furthermore, these sequences should be present within
nucleosome cores. Even though the ELISA reactivity of PL2-6 the corresponding mouse histones (i.e., the presumed immunowith uncomplexed H2A or H2B is very weak,17 it is able to yield gens which induced the autoimmune antibody). A CLUSTAL
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Figure 7. Immunoelectron microscopic labeling of the epichromatin epitope at the NE periphery and within ELCS of RA treated HL-60/S4 cells. (A and
B) display two different cells which exhibit nuclear lobulation and extensive formation of ELCS. Enlarged regions taken from (A and B) are as follows:
(C) taken from (A) (region “c“), presents two parallel ELCS; (D) taken from (A) (region “d“), displays a segment of the nuclear surface; (E) taken from
(B) (region “e“), shows a single peripheral heterochromatin layer adjacent to a nucleolus. The NE and ELCS membranes can not be visualized because
of the post-fixation detergent extraction and because the samples were not fixed with OsO4. Magnification bar values: (A and B) 1 μm; (C–E) 100 nm.

multiple alignment of the major mouse and Xenopus histones
(data not shown) does indicate scattered residue identities, conservative and neutral replacements within the histone globular
regions which are candidates for homologous epitope regions.
Although not yet established, it appears likely that most of the
nucleosomes within interphase and metaphase chromatin possess the histone amino acid residues involved in the epichromatin
epitope, but that these residues are not exposed (possibly due to
binding interactions or chromatin higher order structures). In
addition, there may be a subset of nucleosomes which have a different histone composition and lack the epichromatin epitope.
For example, mammalian centromeric regions contain H2A.Z in
many of the nucleosomes.40 Indeed, the present study documents
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(Fig. 5 and Sup. Fig. 1) that during late anaphase-telophase, the
mitotic chromosome “core” (centromere) region is unreactive
with PL2-6. There is increasing evidence that centromere regions
in a variety of species differ considerably in histone composition
and nucleosome conformation.41 Defining the molecular structure of the epichromatin epitope and possible binding interactions remains a worthy endeavor.
It is tempting to speculate whether epichromatin may have a
functional significance, and if so, what it might be. At the onset
of such speculative thinking, it should be explicitly stated that
epichromatin may have no functional significance. It may simply
be that the epichromatin nucleosomal conformation results from
the lack of a complete surrounding by adjacent chromatin with
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consequent exposure to cytoplasm (mitosis) or the nuclear
envelope (interphase). A physical analogy might be the surface tension of liquid water. From this point-of-view, the
epichromatin nucleosomal conformation is the consequence
of a different macromolecular environment. Extending this
analogy, it is conceivable that epichromatin has a general
function; i.e., separating or protecting chromatin, creating a
barrier without membranes.
An alternative view is that epichromatin has a more specific functional significance, of sufficient importance to
be highly conserved in evolution. We describe this view as
the “epichromatin hypothesis”. This hypothesis postulates
that a unique peripheral chromatin conformation plays
an active role in ensuring the continuity of nuclear architecture throughout the cell cycle, especially during postmitotic nuclear envelope reformation. Furthermore, it is
suggested that this function (maintaining nuclear architecture throughout the cell cycle) has been highly conserved by
evolution. Epichromatin could affect post-mitotic nuclear
reformation by presenting preferred interaction sites for
early-binding nuclear envelope integral membrane proteins
(e.g., LBR and LAP2β21,22,37). In a “deterministic” version of
the epichromatin hypothesis, this attractive chromatin conformation is always located at the same regions of specific
chromosomes, ensuring that these chromosome regions have
preferred positions adjacent to the nuclear envelope during
post-mitotic nuclear reformation. In a “stochastic”
version
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have precise chromosomal locations, but dynamically fluctuates around chromosome surfaces. It is also conceivable that
the epichromatin regions exhibit tissue specificity, possibly
reflecting which regions of the genome are heterochromatic
or modified. We do not know whether the epichromatin epitope is associated with specific DNA sequences; however, its
similar localization in divergent plant and animal cell nuclei
strongly suggests that neither specific DNA sequences nor
CpG DNA methylation42 are required.
There is at least one other nuclear structure, where specific DNA sequences do not directly dictate the formation
Figure 8. Immunostaining of the epichromatin epitope in Drosophila
melanogaster and C. elegans cells. (A) Drosophila Kc cells immunostained
and location of an essential chromosomal feature; i.e., cenwith mAb PL2-6 (red), rabbit anti-H3 phosphorylated at serine10, the mitotic
tromeres, which may represent a provocative comparison
marker H3(S10)p (green) and DAPI (blue). (A) (right) is a 3-fold enlargement
to epichromatin. Centromeres are ubiquitous structures,
of the mitotic chromosomes in (A) (left). (B) (left) displays PL2-6 staining (red)
observed in plant and animal cells, involved in holding sister
of Drosophila ovary cells; DAPI (blue) of the same field is shown at (B) (right).
chromatids together, being a platform for kinetochores and
(C): C. elegans worm: left, immunostaining with PL2-6; right, DIC image.
Magnification bars equal 10 μm in (A and C); 5 μm, (B).
ensuring proper segregation of homologous chromosomes
41,43-47
during mitosis.
The underlying DNA sequence is variable, comparing different species; although proximity to repetitive include specific variants that might preserve a unique chromatin
DNA is a frequent motif. The current view is that centromeres conformation by epigenetic mechanisms.
are epigenetic structures built around a centromere-specific highly
In many respects, our view of interphase epichromatin resembles
conserved histone H3 variant CENH3, which is critical for the that of van Steensel and co-workers.2,9,10,48 This group has examined
binding of other centromere-specific proteins and the establish- the interphase nuclear chromatin regions that are proximal to the
ment of unique nucleosomal structures. CENH3 deposition on nuclear envelope in Drosophila Kc cells and in human fibroblasts,
chromatin does not occur during S phase; but, rather, at the end employing transfection with a chimeric gene containing lamin B
of mitosis. Current studies are exploring the structural basis of the fused to DNA methylase, followed by subsequent analysis of the
epigenetic maintenance of centromere localization through cell methylated DNA fragments. These lamina-associated domains
division. Clearly, we need to know whether epichromatin histones (LADs) of chromatin do not display specific DNA sequences.
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Figure 9. Immunostaining of the epichromatin epitope in tobacco and Arabidopsis thaliana cells. (A–D), confocal sections of mitotic stages seen in tobacco BY-2 cells immunostained with mAb PL2-6 (red): (A) interphase; (B) metaphase plate; (C) anaphase; (D) telophase. (E) confocal section of a whole
mount of a Arabidopsis root tip stained with PL2-6 (red). (F) electron micrograph of a post-embedded immunogold stained thin section of a high
pressure freezing/freeze substituted Arabidopsis root tip. The arrows point to the 5 nm gold near the NE. The astericks indicate the position of nuclear
pores. CW, cell wall; C, cytoplasm; N, nucleus. Magnifications: (A–D), bar in (D) equals 10 μm; (E) bar equals 10 μm; (F) bar equals 200 nm.

They vary in size (0.1–10 Mb), are largely “gene-poor”, with those
genes present being transcriptionally repressed. Furthermore, there
is no simple correlation with epigenetic repressive histone markers
or with active histone markers; i.e., H3 and H4 acetylation and
H3K4 methylation are largely depleted. Perhaps the most revealing
characteristic of LADs occurs at their borders, which appear to be
relatively sharp, containing binding sites for an “insulator” protein
(CTCF), CpG islands and promoters of genes with transcription
directed away from the nuclear envelope. The authors suggest a
model with active gene loops interspersed between the LADs and
directed away from the repressive nuclear envelope environment.
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It is possible that epichromatin includes (or is equivalent to) the
LADs within the interphase nucleus. Unfortunately, since the
nuclear envelope breaks down during mitosis, LADs can not be
analyzed from this stage of the cell cycle.
The observation that interphase CTs sometimes exhibit a
non-random radial distribution within interphase nuclei6,7,49 suggests that for some CTs, epichromatin regions may participate in
directing chromosomes to proximity with the nuclear envelope.
However, our images from late anaphase and telophase cells (Fig.
2 and Suppl. Videos 3 and 4) suggest that late in mitosis most
chromosomes exhibit the surface epichromatin epitope. From the
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Figure 10. Immunoblot and immunodot analysis of the reactivity of PL2-6. (A) 4–20% gradient SDS-PAGE immunoblot analysis of U2OS total cell extract. Lanes: 1, BioLab protein molecular weight (mol wt) standards, stained with Coomassie Blue (CB), indicating the mol wt (kDa) of several proteins;
2, total cell extract stained with CB; 3, ECL reaction with PL2-6. (B) 17.5% SDS-PAGE with the following lanes: 1, protein mol wt markers stained with CB;
2 and 3, HeLa core mononucleosomes; 4 and 5, equimolar mixture of recombinant Xenopus inner histones H4, H2A, H2B and H3; 6 and 7, equimolar
mixture of recombinant Xenopus inner histones H2A and H2B. All lanes are from the same gel. Lanes 1, 2, 4 and 6, CB stained. Lanes 3, 5 and 7, ECL exposures carefully aligned to lanes 2, 4 and 6, respectively. Mol wt values (kDa) of the markers are indicated to the left of lane 1. The four thin horizontal
lines between lanes 1 and 2 denote the positions of the four inner histones, starting with the lowest band (H4) and progressing upward, H4, H2A, H2B
and H3. (C) Immunodot blots of equimolar aliquots of purified
individual
recombinant
Xenopus
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e. inner histones (H4, H2A, H2B and H3). Strip 1, ECL reaction with PL2-6. Strip 2, identical membrane strip after CB staining.
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point-of-view of our epichromatin hypothesis, this implies that
other factors might restrict the chromatin surfaces involved in
post-mitotic nuclear envelope reformation. The complexities of
measurements and interpretations of CT arrangements within
interphase nuclei have been discussed.7 Radial and neighboring
arrangements among CT are not generally fixed or simple, which
may signify that epichromatin can not have a strictly deterministic influence upon interphase nuclear architecture. Many
factors, including nuclear envelope shape, flexibility and composition and interactions with cytoskeletal elements must play
a role in defining nuclear architecture.50-52 To cite one example,
pericentromeric heterochromatin regions of mouse granulocytes
frequently cluster adjacent to the nuclear envelope making nodules into the cytoplasm.53 In this situation, it is evident that the
nuclear envelope integral membrane protein LBR is necessary
for the heterochromatin to exhibit a peripheral localization. In
another remarkable variation of interphase nuclear architecture,
heterochromatin in the retinal rod cells of nocturnal (but not
diurnal) mammals is “inverted” (clustered) into the middle of
nuclei, apparently to function in channeling the light.54 A somewhat similar rearranged heterochromatin nuclear structure phenotype is observed in the mutant blood granulocytes of humans
(Pelger-Huet anomaly) and mice (Ichthyosis) due to a deficiency
of LBR.55 All of these nuclear variations suggest that the epichromatin conformation may be only one of many factors involved in
specifying post-mitotic nuclear architecture.
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Our observation of an epichromatin epitope in interphase and
metaphase cells provokes a new question: what is the relationship
between epichromatin and heterochromatin or euchromatin?
The immunogold electron microscopy of RA treated (granulocytic) HL-60/S4 cells (Fig. 7) clearly demonstrates the presence
of the epichromatin epitope within the condensed heterochromatic region adjacent to the nuclear envelope, as well as within
the single heterochromatic layer of ELCS.5 These images prove
that the epichromatin epitope does include peripheral heterochromatin. However, it is becoming increasingly clear that some transcriptionally-active euchromatin can be localized near the nuclear
envelope.2,56 Experiments should be devised to test whether such
euchromatin regions also exhibit the epichromatin epitope. Sites of
DNA synthesis occur in different regions of the interphase nucleus
during progression through S phase.57-59 The most peripheral chromatin of the interphase nucleus appears to replicate during late S,
yielding immunofluorescent images of incorporated nucleotides
very similar to those of epichromatin staining, and containing
the “G band” gene-poor heterochromatin. However, in our studies epichromatin staining of metaphase chromosomes does not
resemble the alternating patterns of R (gene-rich) and G bands,
traditionally employed for chromosome karyotyping. The basis
for our more uniform staining of the exposed surfaces of mitotic
chromosomes remains to be explored. It is important to mention
that mitotic chromosomes are surrounded by a complex mixture of
proteins and RNPs, called the “perichromosomal layer”,60,61 which
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may influence the exposure of the epichromatin epitope and the
existence of an epichromatin conformation. It is of particular interest that the cell proliferation associated nuclear antigen (Ki-67),62
which localizes within interphase nucleoli, appears to bind to the
surface of metaphase and anaphase chromosomes. It may be that
epichromatin can act as a “platform” for the binding of proteins or
particles which require distribution to both daughter nuclei.
Much remains to be determined about epichromatin, for
example: the molecular structure of the epitope; the nature of
the chromatin conformation; correlations with underlying or
surrounding DNA; correlations with epigenetic markers; characterization of binding partners. Furthermore, it remains to be
established whether the concept of epichromatin and the suggested “epichromatin hypothesis” will be useful in advancing our
understanding of the structural and functional “memory” of the
interphase nucleus.

experiments, HL-60/S4 and U2OS cells were fixed with anhydrous methanol (-20°C, 10 min), followed by acetone (-20°C, 10
min) and subsequent washes with PBS, prior to blocking.
Primary antibody dilutions were as follows: PL2-6, PL2-7 and
most other mAbs, 1:200 dilution (~8 μg/ml); LG10-1, 1:400
(~3 μg/ml). For some experiments, the “mitotic marker” rabbit
anti-H3(S10)p (Millipore, Billerica MA) was employed at a 1:200
dilution. Co-immunostaining was also performed with human
auto-immune anti-centromere (CREST) antisera, as described
previously.35 Secondary antibody dilutions (Alexa 568 and 488)
were all at 1:100. DAPI was included during incubation with the
secondary antibodies. Incubations were in a moist chamber (1
hr, 37°C). Slides were mounted in SloFade Antifade Kit (Life
Technologies Co., Carlsbad CA) using a #1.5 thickness square
coverslip and sealed with clear nail polish. Optical sections on
all animal cells were collected on a DeltaVision Core microscope
(Applied Precision Inc., Issaquah WA) using either a 40x, 60x
Materials and Methods
or a 100x objective as “RGB” images. Images were deconvolved
using the built in SoftWoRx software. Adobe Photoshop was
Reagents and antibodies. Paraformaldehyde (PFA) was prepared used to assemble figures, adjust the size of individual images and
as an 8% solution in distilled water (pH 7–8) and stored in ali- bring color levels of individual panels to comparable intensities,
quots at -20°C. Poly-L-lysine (MW 150–300 KD, Catalogue # no changes in gamma were made and then “RGB” was changed
P-1399) and Nuclei EZ Prep (Catalogue # NUC-101) were pur- to “CMYK”. Videos of selected mitotic U2OS cells stained with
chased from Sigma-Aldrich (St. Louis MO). Complete Mini pro- PL2-6 were calculated from 12 projections between ±30o in 10o
tease inhibitor was obtained from Roche Diagnostics (Germany). intervals around the vertical axis, employing Imaris software
All buffers were made from reagent grade components, with stocks (Bitplane Inc., Saint Paul MN). The movies should be opened
ac
video
player
sterilized by autoclaving or membrane filtration. Fluorescent
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. in the “loop” mode.
Ovaries were dissected in PBS from 4-day-old Drosophila
ondary goat antibodies, Alexa 568 and Alexa 488 conjugates
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melanogaster wild-type Oregon R females, grown at 25°C on
were obtained from Invitrogen GmbH (Darmstadt, Germany).
Cells, tissues and organisms. Animal materials. Human standard food. They were fixed in 4% PFA/PBS on ice for 30 min
HL-60/S4 suspension cells were maintained in RMPI 1640 and washed in PBS. After blocking with 2% BSA/0.1% Triton
medium, plus 10% heated fetal calf serum, 1% Pen/Strep and X-100/PBS for 1 hour, the samples were incubated with PL2-6
2 mM L-glutamine, as described earlier.30 Human U2OS cells (1:200) overnight at 4°C in blocking buffer. Subsequently, the
were cultivated in DMEM medium, plus 20% fetal calf serum ovaries were washed for 1 hr in blocking buffer and incubated
and 2 mM L-glutamine. Drosophila melanogaster Kc 167 cells 1 hr with Alexa 568 anti-mouse in blocking buffer and washed
were maintained at 25°C, in Schneider’s Drosophila Medium again for 1 hr. The nuclei were stained with DAPI in PBS for 10
supplemented with 10% heated fetal calf serum, in the presence min. After staining, the ovaries were spread out on a glass slide in
of Pen/Strep. HL-60/S4 cells were harvested for microscopy mounting medium (80% glycerol/0.4% N-propyl-gallate/PBS),
at a concentration of ~106/mL; coverslip attached U2OS and a coverslip was applied and sealed with nail polish.
The immunostaining method employed with C. elegans had
Drosophila Kc cells were used prior to confluence. Caenorhabditis
elegans was cultivated on nematode growth medium (NGM) agar the following modifications. The worms were pelleted from M9
buffer and fixed overnight at 4°C in 4% PFA/PBS. Following
at 20°C as described previously.63
Plant materials. A stably transformed Arabidopsis thaliana washes in 0.5% Triton X-100/PBS, the pellet was permeabilized
line64 was grown on Murashige and Skoog medium contain- with 0.5% Triton X-100/1% DTT/PBS for 2 hrs at 37°C and
ing 0.5% agar. Roots were harvested 5 days after germination repeated washes as before. The worms were incubated in blockfor whole mount immunofluorescence. Suspension cultures of ing buffer (1% BSA/0.5% Triton X-100/PBS) for 1 hr at RT,
BY-2 tobacco (Nicotiana tabacum) were cultivated as previously followed by the primary antibody (PL2-6, 1:200) in blocking
buffer overnight at RT. Following additional washes, the coldescribed65 and analysed 3 days after subculturing.
Immunostaining and fluorescence microscopy. HL-60/S4 lected worms were incubated with secondary antibody (Alexa
cells were allowed to settle onto fresh polylysine-coated micro- 568 anti-mouse, 1:100) in 0.1% BSA/0.5% Triton X-100/PBS for
scope slides for 30–60 min at RT in a moist chamber. The 4 hrs at 37°C. After final washes in 0.5% Triton X-100/PBS, the
attached HL-60/S4, U2OS and Drosophila Kc cells were fixed stained worms were placed on microscope slides and embedded
with fresh 4% PFA/PBS for 15 min at RT. The following steps in Vectashield Hard Set Mounting Medium for Fluorescence.
Arabidopsis thaliana plants were fixed and processed as preincluded: 50 mM NH 4Cl (1 min), PBS washes (2 x 1 min),
0.1% Triton X-100 in PBS (20 min); PBS (3 x 5 min); block- viously described.66 Tobacco BY-2 suspension culture cells were
ing with 10% normal goat serum/PBS (30 min, RT). For some fixed and processed as described67 with minor changes. One batch
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of cells was fixed with 4% PFA for 1 h; the other one with 1% The cells were heated to 95oC for 5 min, allowed to cool and
glutaraldehyde for 15 min. Samples were washed with Sörensen sheared by repeated passage through a 26G x 1/2'' hypodermic
buffer instead of PBS. Samples were incubated at 4°C with first needle. 10 μL of the cell lysate was loaded per lane on a BioRad
antibody (PL2-6, 1:200). ALEXA-FLUOR R conjugate 546 (Life 4–20% precast gradient SDS-PAGE gel. Protein transfer, blockTechnologies Co.,) was used as secondary antibody. Imaging was ing, immunology and the ECL reaction were exactly as described
performed with a Zeiss Axiovert LSM510 Meta CLSM using a previously,68 employing PL2-6 at a 1:2,000 dilution.
C-Apochromat 63x/1.2 W corr water immersion objective. For
For an immunoblotting experiment with histones, three samthe Metadetector, the main beam splitter (HFT) 488/543 was ples were examined by electrophoresis in a 17.5% SDS-PAGE:
used. Pinholes were adjusted to 1 Airy Unit.
(1) native HeLa core mononucleosomes; (2) an equimolar mixImmunoelectron microscopy. Two types of gold-labeled ture of Xenopus recombinant core histones H4, H2A, H2B and
immunoelectron microscopy were employed: (1) pre-embedded H3; (3) an equimolar mixture of Xenopus recombinant core hisimmunostaining of fixed and detergent extracted HL-60/S4; (2) tones H2A and H2B. Different loads of each sample were run
post-embedded immunostaining on thin sections of high pressure on the gel, spanning 1–5 μg histones per lane. Protein transfer,
freezing/freeze-substituted preparations of Arabidopsis root tips.
blocking, immunology and the ECL reaction were exactly as
For the pre-embedded staining reaction, the procedure largely described previously,68 employing PL2-6 at a 1:2,000 dilution.
resembled that used for immunofluorescent staining, with the
The dot blotting procedure followed a protocol from Millipore
following modifications: (1) permeabilization of the fixed cells describing its use on Immobilon-P membranes. Concentrations
with 0.1% Triton X-100/PBS was extended to 30 min at RT; of the individual recombinant Xenopus inner histones H4, H2A,
(2) 6 nm gold-labeled secondary antibody was incubated for 4 hrs H2B and H3 were measured by absorbance at 276 nm in guain a moist chamber at 37°C, followed by three 5 min washes with nidine HCl buffer and calculated from known molar extinction
PBS; (3) after the antibody reactions, the coverslips were fixed with coefficients. These histone stock solutions were diluted to 100
2.5% glutaraldehyde in 50 mM cacodylate buffer for 5 min at RT μM with the immunoblotting transfer buffer (20 mM sodium
and 25 min at 4°C; (4) coverslips were given three washes in 50 mM borate, 1 mM EDTA, pH 8.8). Several loads (3, 6 and 9 μl) of
cacodylate prior to dehydration and embedding in epon, by standard each histone were applied to the Immobilon-P membrane in a
procedures; (5) coverslips were removed from the epon in liquid N2. grid-like pattern on top of a filter paper stack. The spots were
For the post-embedded immunostaining on high pressure allowed to dry, than wetted again with methanol prior to reacfreezing/freeze substituted preparations of Arabidopsis
thaliana
with
PL2-6
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e. (1:2,000) and ECL, as employed for immuroot tips, six-day-old root tips were cut from the seedling, sub- noblotting. For a semi-quantitative analysis of the ECL reaction
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merged in 140 mM sucrose, 7 mM trehalose and 7 mM Tris buffer intensities of the dots, three replicate dot arrays were established
(pH 6.6). Four to five submerged root tips were collected, trans- onto the Immobilon-P membrane and several ECL exposure
ferred to planchettes (Wohlwend GmbH, Sennwald, Switzerland; times were obtained. Employing ImageJ software (rsb.info.nih.
type 241 and 242) and frozen in a high pressure freezer (Bal-Tec gov/ij/), integrated spot densities were measured, corrected for
HPM010, Lichtenstein). Freeze substitution was performed in adjacent blank areas, normalized to the strongest reacting histone
a Leica EM AFS2 freeze substitution unit (Leica, Germany) in (H2B, set to 1.0) and averaged to yield relative reaction strengths.
9.9 ml dry acetone supplemented with 100–200 μl 20% uranyl
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